Recurrence rates for atypical and anaplastic meningiomas range between 9% and 50% after gross total resection and between 36% and 83% after subtotal resection. Optimal treatment of recurrent meningiomas exhibiting atypical/anaplastic histology is complicated because they are often refractory to both surgery and radiation. OBJECTIVE: To evaluate clinical determinants of recurrence and treatment-specific outcomes in patients with recurrent meningiomas exhibiting atypical/anaplastic histology at our institution. METHODS: A cohort study was conducted using clinical data of all patients treated for meningiomas with atypical/anaplastic histology at first recurrence between January 1985 and July 2014 at a tertiary cancer center. Predictors of second recurrence were analyzed using competing risks regression models. RESULTS: Nine hundred eighteen patients with meningioma were screened, of whom 60 (55% female) had recurrent disease with atypical/anaplastic histology at a median age of 58.1 yr at diagnosis. The median follow-up from the time of first recurrence was 36.7 mo, with 32 (53%) patients alive at last follow-up. There was no effect of extent of resection at first recurrence on time to a subsequent recurrence. Inclusion of radiation as primary or adjuvant therapy at first recurrence reduced the risk of progression or subsequent recurrence compared to surgery alone (P = .07). CONCLUSION: Treatment of recurrent meningiomas with atypical/anaplastic histology remains challenging. Our data, from one of the largest cohorts, suggest better tumor control with the addition of radiation and challenges the importance of extent of resection at first recurrence. A multicenter effort is needed to confirm these findings and propose treatment guidelines.
A typical (WHO grade II) and anaplastic (WHO grade III) meningiomas account for 20% to 35% of intracranial meningiomas. [1] [2] [3] [4] As in other meningioma subtypes, extent of resection (EOR) is a critical factor in establishing local control of treated primary ABBREVIATIONS: cEBRT, conventional external beam radiation therapy; CI, confidence interval; EOR, extent of resection; GTR, gross total resection; HR, hazard ratio; IQR, interquartile range; MRI, magnetic resonance imaging; OS, overall survival; PFS, progression-free survival; RT, radiation therapy; SRS, stereotactic radiosurgery; STR, subtotal resection lesions. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Recurrence rates for WHO grade II/III meningiomas remain high, ranging between 9% and 50% after gross total resection (GTR) [16] [17] [18] [19] [20] [21] [22] [23] and 36% to 83% after subtotal resection (STR). 18, 24 Our group previously reported a 5-yr actuarial recurrence rate of 35.5% after GTR in 52 patients with atypical meningiomas. 23 The roles of radiation therapy (RT) and stereotactic radiosurgery (SRS) have recently been explored for treating both atypical 23, [25] [26] [27] and incompletely resected meningiomas. [28] [29] [30] [31] [32] [33] [34] [35] [36] Although adjuvant RT is increasingly being considered in the literature following primary resection for atypical histology, 26, [37] [38] [39] [40] [41] [42] there remains significant heterogeneity between centers. 43 A recent SEER practice review found 76% of patients with atypical and 34% with anaplastic meningiomas did not receive adjuvant RT following STR, with similar rates after GTR.
14 Because many patients with atypical/anaplastic meningiomas receive some form of postoperative RT, repeat surgery for recurrence can be technically challenging due to scarring. Moreover, meningiomas in eloquent areas may be more prone to recurrence, making GTR difficult. 44, 45 These tumors may therefore be considered refractory to both surgery and radiation and represent an ongoing clinical challenge. 43 Published experience with WHO grade II/III meningiomas is limited to small case series and is insufficient to develop meaningful treatment guidelines. [46] [47] [48] [49] [50] [51] [52] [53] Our objective was to use a retrospective cohort study design to analyze the clinical course of patients treated at a major cancer hospital for recurrent meningiomas displaying atypical/anaplastic histological features and to evaluate treatment-specific outcomes and clinical determinants of subsequent recurrence.
METHODS

Patient Selection
Approval for the study was obtained from the Institutional Review Board. Because existing, deidentified data were used, informed consent was not required. To identify eligible patients for this retrospective cohort study, a prospectively maintained, multidisciplinary clinical database was searched using ICD-9 codes. A total of 918 patients received treatment for intracranial meningioma between January 1985 and July 2014, of whom 81 patients had WHO grade II/III histology at first recurrence. From these 81 patients, 15 patients were excluded due to unavailable pathology (11 patients) or revised tumor grade after applying current WHO (2007) criteria to pathological specimens (4 patients were downgraded from WHO grade II to WHO grade I). Six patients were lost to follow-up after treatment for recurrent disease and were excluded. In total, 60 patients were included in the final analysis.
Data Collection
Clinical, radiographic, and pathological data were collected from electronic medical records. Age, sex, age at first diagnosis, number of recurrences, time to each recurrence, salvage therapy (surgery, radiation, and/or chemotherapy) for each recurrence, and presence of other cancers were recorded. Tumor volumes were quantified using magnetic resonance imaging (MRI) images and the abc/2 relationship for an ellipsoid. 54 Anatomic site was categorized as (1) convexity, (2) parasagittal/falcine, (3) sphenoid wing, (4) midline anterior fossa, (5) posterior fossa, or (6) other. 37 Recurrence was defined as a new contrast-enhancing nodule within the prior resection cavity or 95% isodose line or progression of tumor remnant in patients having undergone STR. Cause of death was collected from clinical notes or vital statistics records. Pathology reports were reviewed to collect WHO grade and the presence of spontaneous tumor necrosis and bone or brain invasion. Spontaneous necrosis was differentiated from embolization necrosis based on histological grouping pattern of necrotic cells and location within the tumor. Pathological specimens of patients diagnosed before 2000 were re-reviewed by an experienced neuropathologist (MR) and graded using current WHO criteria.
1
Treatment Data
Operative reports and postoperative MRI were used to classify EOR as GTR (equivalent to Simpson grade I-II) or STR (equivalent to Simpson grade III-IV). Operative reports were analyzed and surgery was classified as GTR if no residual tumor was noted, or STR if residual tumor was noted in the operative bed. Operative reports were then correlated to postoperative imaging. RT intent (salvage, postoperative, or definitive), type (conventional, SRS, hypofractionated or brachytherapy), radiation dose, fractions, and duration were collected for each recurrence. Chemotherapy type and duration were also recorded. Treatment response was determined according to Response Assessment in Neuro-Oncology criteria.
Statistical Analysis
Descriptive statistics including frequencies, medians, and interquartile ranges (IQRs) were used for patient, tumor, and treatment characteristics. The primary endpoint was progression/recurrence after treatment of first recurrence. Univariate competing risk regression models were generated for second recurrence/progression including the following variables: treatment modality (surgery, surgery plus RT, or RT alone), age, sex, surgical EOR, and pathology characteristics. 55 Death from unrelated cause was considered a competing risk. Time-dependent treatment variables were employed to mitigate bias from variation of treatment initiation with respect to time of first recurrence. Time was calculated from first recurrence to second recurrence/progression, death, or last followup, whichever occurred first.
Univariate Cox proportional hazards models were used to analyze predictors of overall survival(OS). Treatment variables were timedependent. P values were 2-sided, with P < .05 considered significant. Statistical analyses and plots were performed in SAS version 9.4 (SAS Institute, Cary, North Carolina), Stata version 13 (StataCorp, College Station, Texas), and R version 3.2.0 (the R Foundation for Statistical Computing).
RESULTS
Participants
Sixty patients were treated for WHO grade II/III meningioma recurrence at our institution between 1985 and 2014. Twentyseven patients (45%) were male, the median age was 58.1 yr (IQR 50.7-64.0) at first diagnosis, and 13 (22%) had other prior cancers (Table 1) . Patients with prior cancers were in remission at the time of meningioma recurrence, and no patients had a clinically documented immunodeficiency or germline neoplastic syndrome.
The median number of recurrences was 2 (range 1-5), and patients underwent a median of 2 surgeries (range 1-4) for recurrent disease. Median follow-up from diagnosis was 70.7 mo (IQR 46.2-119.9) and that from first recurrence was 36.7 mo (IQR 17.7-61.5). Thirty-two (54%) patients were alive at last follow-up. Tumor Anatomy and Pathology Of 60 tumors, 29 (48%) were located at the convexity, 15 (25%) parasagittal, 7 (12%) sphenoid wing, 1 (1.6%) posterior fossa, 1 (1.6%) was multicompartmental, and 7 had unknown location (Table 1) . Median tumor volume was 27 cm 3 (IQR 14-45) for primary tumor and 9 cm 3 (IQR 5-33.1) for first recurrence (Tables 1 and 2 ).
Of 60 primary lesions, 7 (12%) were WHO grade I, 45 (75%) WHO grade II, and 8 (13%) WHO grade III. Of these, 6 (10%) had bone invasion, 19 (32%) had brain invasion, and 33 (55%) had spontaneous necrosis. Forty (67%) patients underwent reoperation for first recurrence and had histopathological data available; 34/40 (85%) recurred as grade II and 6/40 (15%) recurred as grade III (Tables 2 and 3 ). This includes 7 patients with grade I primary lesions that recurred as grade II. Another patient with grade II primary progressed to grade III at first recurrence. Of 8 lesions exhibiting histological progression between primary lesion and first recurrence, 4 received surgery alone for their primary tumor and 4 received surgery with adjuvant radiation. At first recurrence, bone invasion was present in 8 (20%), brain invasion in 16 (40%), and spontaneous necrosis in 17 (43%) of 40 surgical specimens.
Treatment
For primary tumors, 39 (65%) patients underwent surgery alone, 20 (33%) had surgery plus RT, and 1 (2%) had surgery with concomitant bevacizumab-based chemoradiation. Thirtyfour (57%) patients had GTR and 21 (35%) had STR, with no EOR data for 5 (8%) patients. Of Of 60 patients treated for first recurrence, 17 (28%) had surgery alone, 23 (38%) had surgery with adjuvant RT, 17 (28%) had RT alone, and 1 (2%) patient was observed with serial imaging (Table 2 ). Seven (12%) patients received chemotherapy at first recurrence, either alone (n = 2) or in combination with other modalities (n = 5). Of those undergoing surgery, 18 (45%) had GTR and 20 (50%) had STR, with EOR data unknown in 2 (5%) patients ( Table 2 ). The proportion of patients receiving definitive therapy with surgery and/or radiation decreased with each successive recurrence, from 57/60 (95%) at first recurrence to 9/23 (39%) at third recurrence (Table 3) .
Forty (67%) patients received RT alone or in combination with surgery or chemotherapy at first recurrence. Of these, 26 (65%) received cEBRT (median dose 5400 cGy [IQR 2450-5770] in 28.5 fractions [IQR 1-30]), 10 (25%) had SRS (median dose 1650 cGy [IQR 1400-2400]) in a single fraction, 2 (5%) had brachytherapy, and 2 (5%) were treated with hypofractionated RT (median dose 2750 cGy [IQR 2500-3000]) in 5 fractions. Of patients receiving RT at recurrence, 7 (18%) patients had cEBRT after primary resection.
Outcomes
A majority of patients, 47/60 (78%), developed disease recurrence/progression after treatment for first recurrence (Figure 1 ). Four (7%) patients had stable disease, 8 (13%) died before disease progression or recurrence, and 1 (1.6%) was lost to follow-up. Median time to first recurrence was 25.6 mo (IQR 14.6-41.1) Figure 2B ). After a second recurrence, 2-and 5-yr OS dropped to 60% and 30%, respectively.
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Follow-up
At the conclusion of the study period, 28 (47%) patients were deceased; 11 (39%) succumbed to disease progression, while 17 (61%) died of unrelated or unknown causes. Of those alive at last follow-up, 20 (63%) patients had disease progression while 12 (37%) had stable disease. Tables 4 and 5 summarize the findings for predictors of progression or second recurrence. Though not reaching significance, there was a trend toward a higher likelihood of a second recurrence or progression when comparing surgery alone to surgery with RT (hazard ratio [HR] 2.13, 95% CI: 0.94-4.83, P = .07, Figure 1 ) and surgery alone to RT alone (HR 2.01, 95% CI: 0.87-4.62, P = .10). Surgery with RT carried a similar risk of second recurrence or progression as RT alone (HR 0.94, 95% CI: 0.48-1.84, P = .86).
Clinical Predictors of Second Recurrence and Progression
Increased EOR (GTR vs STR, HR 1.19, 95% CI: 0.44-3.20, P = .74) did not reduce risk of second recurrence or progression after surgery for first recurrence. Age (HR 0.99, 95% CI: 0.97-1.02, P = .65), gender (HR 1.32, 95% CI: 0.73-2.41, P = .36), brain invasion (HR 1.28, 95% CI: 0.62-2.65, P = .50), and spontaneous necrosis at first recurrence (HR 1.06, 95% CI: 0.52-2.14, P = .88) did not confer a higher risk of subsequent recurrence/progression. 
Clinical Predictors of OS and Death
Treatment modality did not impact OS (HR 2.03, 95% CI: 0.55-7.55, P = .29; Tables 4 and 5 ). Age (HR 1.05, 95% CI: 1.01-1.09, P = .02) and male gender (HR 2.47, 95% CI: 1.12-5.46, P = .03) were significant predictors of overall mortality after first recurrence. EOR (STR vs GTR, HR 1.53, 95% CI: 0.68-3.45, P = .31), presence of brain invasion (HR 1.76, 95% CI: 0.61-5.13, P = .30), and necrosis on pathology (HR 0.52, 95% CI: 0.17-1.53, P = .23) did not predict OS. 
RT: radiation therapy. a Includes patients that received chemotherapy in combination. "Adjuvant Chemo" category denotes patients who had chemotherapy in combination with any other treatment modalities (ie, Surgery, Surgery + RT, or RT) None: Patients were observed with serial imaging and did not receive any treatment for the recurrence.
DISCUSSION
Key Findings
No clinical benefit was derived from increased EOR at treatment for first recurrence, suggesting local control of these tumors may depend on factors other than aggressive surgical removal alone. This contradicts a recent single-center report retrospectively examining the prognosis and treatment response of 41 meningiomas with atypical histology at recurrence that concluded GTR (defined as Simpson grade I or II) conveyed a significant benefit in both progression-free survival (PFS) and OS compared to STR (Simpson grade III or IV). 56 We found no significant difference between GTR and STR groups in time to second recurrence/progression (P = .74) or OS (P = .31).
Our study highlights the inherent difficulties of a singlecenter approach in answering questions regarding the benefits, or lack thereof, of RT and aggressive EOR in recurrent meningiomas with atypical/anaplastic characteristics. There was an observed trend towards reduced risk of progression or subsequent recurrence with RT at first recurrence compared to surgery alone. However, this finding failed to reach statistical significance despite a larger sample size than any prior studies of this patient population in the literature.
Interpretation
Benefit from RT in the treatment of recurrent meningioma has been suggested by recently published reports. Buglione et al. 57 described 37 patients with recurrent meningiomas (including 10 atypical and 5 anaplastic) treated with cEBRT (mean dose 60 Gy) and found a trend toward better OS and local recurrence (LC) rates in patients treated with RT at first recurrence compared to RT at the second (or later) recurrence. Dzuik et al. 58 concluded adjuvant RT improved 2-yr PFS from 50% to 89% in 23 anaplastic meningioma patients with recurrent disease, without affecting 5-yr PFS. Similarly, Taylor et al. 59 described a 10-yr actuarial LC rate of 30% in re-resected recurrent meningiomas compared to 89% with adjuvant RT after salvage surgery. Kokubo et al. 60 described 20 patients with recurrent meningiomas (4 atypical and 6 anaplastic) receiving RT after salvage surgery and reported 5-and 8-yr LC rates of 30% and 0% for atypical and anaplastic tumors with 5-and 8-yr OS of 50% and 0%. Li et al. 48 recommended aggressive surgery including dura and bone flap removal followed by RT in their series of 15 patients with recurrent atypical meningiomas. Based on these data, salvage surgery plus RT is better than surgery alone and RT should be given at the time of first recurrence, rather than at second or later recurrences. 36, 57, 59 In the context of this evidence, current data suggest that patients receiving surgery alone at first recurrence may be twice as likely to have a second recurrence or progression compared with RT alone or surgery plus RT. Because the difference did not reach significance in our study, however, the possibility remains that RT does not provide clinical benefit. Although surgery plus RT and RT alone subgroups carried a similar risk for a second recurrence, surgery is often necessary to relieve swelling and mass effect.
Chemotherapy is generally ineffective for recurrent high-grade meningiomas. 49, 61 A recent prospective phase II study of imatinib in radiation-and surgery-refractory recurrent atypical meningiomas was prematurely terminated due to lack of accrual and efficacy, and Kaley et al. 61 recently published a comprehensive meta-analysis showing disappointing survival outcomes. 62 Forty percent of our patients received chemotherapy at some point, but patient numbers prevented efficacy analysis.
Limitations
The major limitations of this study arise from the relative disease rarity, which necessitates inclusion criteria laxity for sufficient accrual and resultant heterogeneity in treatments and tumor biology. While this is the largest study to date regarding recurrences in atypical/anaplastic meningiomas, a retrospective study design carries risk of detection and selection biases. Additionally, our series spans several iterations of treatment and classification standards, complicating direct comparisons between groups.
Several changes in histological meningioma grading occurred during the period captured by this series. The major updates in the WHO 2000 classification system were (1) reduced relative importance of brain invasion in designating malignancy and (2) numerical rather than subjective categorization (eg, >4 mitoses/hpf vs "extensive mitoses"). 4 Therefore, atypical and malignant lesions diagnosed before the year 2000 had pathological specimens re-reviewed in this study. As a tertiary and quaternary referral center, patients are frequently not diagnosed at our institution and several patients without specimens available for reinterpretation by our pathologist (MR) were excluded. The WHO 2007 changes were not deemed significant enough to warrant re-review of pathological specimens for patients diagnosed between 2000 and 2007. These changes increased the overall proportion of meningiomas qualifying for WHO grade II ("atypical"), primarily through the upgrade of tumors previously categorized as WHO grade I ("benign"). 1, 3, 4 Such lesions "under-graded" prior to 2000 would not be captured in the current series, as their identification would require direct review of several decades of pathological specimens with marginal benefit. Similarly, patients may not have completed their entire follow-up at our institution and had more recurrences than those captured by our database. For this reason, we focused on risk factors for second recurrence rather than total number of recurrences.
Generalizability
Recurrent atypical/anaplastic meningiomas are challenging to treat, and management options include chemotherapeutic agents, 47, 49, 50, 52, 53, [62] [63] [64] [65] [66] surgical resection, 46, 48, 67 conventional radiation, 57, 60, 68 and SRS. 51, 69 National Comprehensive Cancer Network guidelines recommend surgical treatment when feasible followed by radiation to the tumor bed, but the evidence level for this practice is limited. [46] [47] [48] [49] [50] [51] [52] [53] 59 While methodological limitations necessitate appropriate caution when clinically applying the results of the current study, they are typical for studies investigating WHO grade II/III meningioma recurrence, and the heterogeneity of the study population mirrors clinical practice at major cancer hospitals. 48, 51, 56, 68, 70, 71 The larger benefit of this study is hypothesis generation for future prospective, multicenter trials. Firmly establishing the benefit, if any, derived from addition of RT and increased EOR in managing these recurrent tumors is important because of the morbidity of these treatments and likelihood of numerous successive interventions in this population.
CONCLUSION
Recurrence rates in atypical/anaplastic meningiomas remain high. Multiple single-center studies have failed to definitively establish the relative efficacy of different treatment strategies in this patient population. In the current study, increased EOR at first recurrence did not affect time to recurrence or overall mortality in patients with meningioma recurrence with atypical/anaplastic histology. RT may improve local control and should be considered in the treatment plan, though the effect was no more than a trend (P = .07). Further prospective, multicenter studies are needed to investigate the role of RT and EOR at first recurrence in this population, as it is unlikely any single center will accrue case numbers sufficient to generate class I/II evidence.
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